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We propose an approach to detect individual Rydberg molecules with each molecule consisting of
two atoms in different Rydberg states. The scheme exploits the movement of atoms in the presence of
an external force that exerts only on atoms in one Rydberg state. Since the movement of atoms in the
other Rydberg state depends on whether they are bound with atoms directly driven by the applied
force, bound atoms can be distinguished from unbound atoms. By utilizing electromagnetically
induced transparency, it is possible to non-destructively image the positions of molecules. The
scheme is sensitive to a weak force, which is suited to optically detect spatial positions and bond
structure of Rydberg molecules.
PACS numbers: 32.80.Rm,37.10.Vz
Single-molecule force spectroscopy techniques have
been utilized to measure the forces and motions of in-
dividual molecules, which have provided a potential to
reveal their fundamental properties [1–7]. The forces
associated with the measurements are usually 10−3 ∼
104 pN [6]. Rydberg atoms are atoms where at least
one electron is in a highly excited state [8]. Rydberg
molecules can be formed due to the interaction of the
Rydberg electron with ground-state atoms [9–14] or the
long-range interaction between two Rydberg atoms [15–
26]. The Rydberg molecular bonds are broken apart in
order to detect them through ionization, which is the
most common technique [13, 18]. On the other hand, spa-
tial distributions of Rydberg atoms have been resolved
non-destructively via Rydberg electromagnetically in-
duced transparency (EIT) [27–29]. By utilizing the non-
destructive measurement of Rydberg atoms, we present
a theoretical proposal to optically image spatial positions
and access bond strengths of Rydberg molecules.
We consider a typical Rydberg macrodimer in a stable
energy minimum, surrounded by a region of attraction
extending to some finite distance beyond which the po-
tential becomes vanishing or repulsive [25]. This bound
potential results from avoided crossings caused by the
long-range dipole-dipole interaction between two atoms
in different Rydberg states [25]. When the interatomic
distance is larger than the region of attraction, the bond
can be considered broken. A moderate force dragging
one of two atoms in the molecule makes the other atom
move due to their bond. In the presence of the applied
dragging force, molecules and free atoms move different
distances, which are observable by performing measure-
ment on surrounding probe atoms. Our scheme only re-
quires performing the imaging for two times: the first
one is performed after molecule creation, which records
the original positions of molecules; the second one is per-
formed after dragging the molecules, which records the
final positions of molecules. Our analysis shows that the
timescale including the molecule creation, the imaging of
surrounding atoms, and the evolution under the applied
dragging force should be comparable to the lifetime of
Rydberg molecules.
The Rydberg molecule under consideration consists of
two atoms in different Rydberg states ns and np [25].
Here we label the atomic energy level as nlj . For Ryd-
berg atoms, as shown in Fig. 1(a), the principal quantum
number n  1. l = s, p labels the orbital angular mo-
mentum of the excited valence electron. j is the total
angular momentum. The ns level is separated from the
np3/2 level by energy ~ω0, while the np1/2 level is sepa-
rated from the np3/2 level by fine structure splitting ~|∆|.
Here for Rb atoms, ω0 is much larger than ∆ [30]. We
propose to start with a dilute gas of cold Rb atoms pre-
pared in a ground state 5s. The atoms are excited to
the Rydberg state ns via a two-photon transition. This
is followed by microwave radiations to excite pairs of ns
atoms to ns − np molecules [25]. The molecules are ob-
servable by detecting probe absorptions in an EIT tran-
sition via direct detection [29] or a fluorescence-detection
scheme proposed in this work. Here when probe atoms
are in a region surrounding the molecule, an energy shift
of the Rydberg EIT level ns of probe atoms allows ab-
sorption of EIT probe field, which gives a spot surround-
ing each molecule in the image. The unbound ns and
np atoms also cause level shift of probe atoms. To dis-
tinguish molecules from unbound ns and np atoms, a
detuned laser beam with an inhomogeneous intensity is
switched on to move ns atoms. After the evolution,
the measurement of EIT off-resonance of probe atoms
gives shifted spots, double-distance shifted spots, and un-
changed spots in the images. They correspond to ns−np
molecules, ns atoms, and np atoms, respectively. The
double-distance shift of ns atoms is because the molecule
mass is twice of the single-atom mass. We show that the
observable rupture force of Rydberg molecular bond is
on the order of 10−7 pN.
The Hamiltonian describing two Rydberg atoms is
given by H2atoms = (pˆ
2
1 + pˆ
2
2)/(2m) +H0(Rˆ1, Rˆ2), where
pˆi is the momentum of the i-th atom and m is the mass
of a single atom. The internal Hamiltonian of two Ryd-
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FIG. 1. (Color online) (a) Energy-level structures under
consideration. g and e label the ground and excited states.
r, ns, and np represent Rydberg states. From left to right:
molecules are created via two-photon transition followed by
microwave excitations; a Rydberg EIT is available in the pres-
ence of probe and control lasers; a far off-resonance laser is
introduced to move ns atoms. (b) Diatomic molecular po-
tential. A dissociation process is a competition between the
potential force and the external force applied to ns atoms.
The vibrational frequency, the molecular potential depth, and
the fine structure splitting are approximately on the order of
1, 100, and 1000 MHz, respectively. The potential minimum
corresponds to an interatomic distance of 1.5 µm. (c) The ap-
plied force and the EIT probe beam employed for detection.
berg atoms reads H0(Rˆ1, Rˆ2) = H1 +H2 +V1,2(Rˆ1, Rˆ2),
where Hi is the internal Hamiltonian for the i-th atom,
and V1,2(Rˆ1, Rˆ2) gives the dipole-dipole interaction. The
explicit internal Hamiltonian form is given in Appendix
A.
In the nsnp subspace consisting of two atoms, with
one atom in ns state and the other atom in np state, the
molecular potential is revealed in a calculation of the in-
ternal eigenstates using the Born-Oppenheimer approx-
imation [21, 23, 25], which has been verified via semi-
classical calculations showing that the atomic motion in
the potential well remains adiabatic [23]. The reason is
that the eigenstate corresponding to the potential well,
i.e. bound state, is energetically well separated from other
eigenstates, and the velocity of atoms in the well is suf-
ficiently small [23]. Other two-atom states cause a neg-
ligible van der Waals shift when |R| ≥ r0, since their
energy separation from the nsnp manifold is large com-
pared to ~|∆|. Here R is the interatomic distance and
r0 is a characteristic length as defined in Appendix A. In
Fig. 1(b), we schematically display a potential well with
a minimum near Rp ' 1.7r0. The well depth is on the
order of 100 MHz for n = 40. An electric field can induce
a Stark shift δ with |δ|  |∆|, which allows one to align
the molecule in the direction of the electric field [25].
We assume to start with a dilute gas of Rb ground
atoms and expect to obtain Rydberg molecules with a
certain successful probability [18]. The resulting popu-
lations of Rydberg atoms and molecules are small but
should allow experiments in a realistic time [18]. In a
short distance, the transition from one Rydberg excita-
tion to two Rydberg excitations is shifted by the dipole-
dipole interaction between two Rydberg atoms, which
forms a band of energies. Because the interatomic dis-
tance in the molecule is known, i.e. the blockade energy is
known, one can utilize a laser with a different frequency
to excite the second Rydberg atom. Actually, because
the ns− ns state is not the ultimate state, one can also
directly excite the second atom to the np state by uti-
lizing the microwave, whose frequency is determined by
taking into account the blockade effect, i.e. given by the
splitting of the ns and np states, the blockade energy due
to the interaction between two ns atoms, and the bind-
ing energy of the molecule due to the interaction between
ns and np atoms. At a temperature of 300 µK, we esti-
mate a decay rate of approximately 25 kHz for 85Rb with
n = 40. The vibrational frequencies of the molecular mo-
tion are ' 2pi × 0.4 MHz, and the rotational frequencies
are ' 2pi×0.1 kHz [25]. The equilibrium distance is given
by Rp = 1.55 µm. A necessary condition for the detec-
tion of Rydberg molecules is that their kinetic energy is
smaller than the depth of the potential well, which cor-
responds to a temperature of ∼ 4.8 mK (100 MHz) for
n = 40 [23].
We consider an EIT detection scheme, where the probe
beam Ωp and the control beam Ωc are resonant to the
transitions of g ↔ e and e↔ ns, respectively [Fig. 1 (a)
and Appendix B. Here g and e denote the ground and
excited states, respectively. We assume the state e decays
into g and another ground state g′ with a same decay
rate. The state g′ is decoupled from the EIT lasers, which
is detectable with fluorescence. When a probe atom is far
from the region around one impurity, i.e. a Rydberg atom
or a molecule, the imaginary part of susceptibility Im[χ]
(Appendix B) and the g′-state population of the probe
atom are zero. When the probe atom is in the vicinity
of the impurity, the ns level of the probe atom is shifted
due to the dipole-dipole interaction, leading to a finite
Im[χ] and g′-state population.
We consider one molecule with two atoms positioned
at ρ = 0, z = ±Rp/2, and one probe atom with varying
spatial positions, as shown in Fig. 2(a). Im[χ] is zero
when the probe atom is far from the region around the
molecule. In the vicinity of the molecule within a ra-
dius of Rc ∼ 3 µm, Im[χ] becomes finite. We would like
to note that, several lines with Im[χ] significantly smaller
than 1 appear in this region due to the existence of degen-
erate states to the state in which the probe atom in the
ns state is far from the molecule. However, these lines are
very thin. In the calculation, we assume Ωp = 2pi×1 MHz
and Ωc = 2pi × 10 MHz. The decay rates from e and ns
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FIG. 2. (Color online) (a) The imaginary part of sus-
ceptibility and (b) the g′-state population as functions of
the probe-atom position. Two bound atoms are located at
ρ = 0, z = ±0.8 µm. Im[χ] approaches to 1 when z, ρ < 3 µm,
corresponding to a finite probe absorption. The g′-state pop-
ulation has a similar behaviour. Out of this region, Im[χ] and
the population drop rapidly. (c) Simulated image including
atomic density fluctuations at each spatial position. The po-
sition of molecule is resolved by surrounding fluorescence blue
spots.
states are Γp = 2pi × 6 MHz and Γc = 2pi × 25 kHz, re-
spectively.
By numerically solving the master equation, the g′-
state population after switching on EIT lasers for 2 µs
is plotted in Fig. 2(b). Since the distribution of g′-state
population in z − ρ plane has a similar shape as that
of Im[χ] in (a), we plot the population for z = 0 in (b)
as an illustration. When the population of ns atoms is
small, i.e. ρ2DR
2
c |Ωp/Ωc|2  1, with ρ2D the density of
atoms in 2D, the results for single probe atom can be
applied to an ensemble of probe atoms. By including the
atomic density fluctuation, a spatially resolved fluores-
cence image is simulated in Fig. 2(c), where we assume
ρ2D = 1 µm
−2, and each pixel has a region of (0.5 µm)2.
As illustrated in Fig. 2(c), the position of molecule is sur-
rounded by blue spots, with each spot representing one
g′ atom. One molecule is surrounded by approximately
20 g′ atoms on average.
To distinguish molecules from Rydberg atoms, we as-
sume to drag the molecules for an resolvable distance of
9 µm by applying an energy slope of e.g. 0.08 hGHz/µm.
This slope can be realized with a detuning of 20 GHz and
a Rabi frequency increasing linearly from 0 to 8 GHz over
a distance of 10 µm. With these parameters, the depop-
ulation of the Rydberg state ns occurs with a probability
of 4%. If an inhomogeneous laser is driving a transition
between a low-energy state and the ns state, the required
Rabi frequency of several GHz is challenging. However,
if the laser is driving a transition between two Rydberg
states, the laser power can be significantly reduced, be-
cause the dipole matrix elements can be much larger.
The energy of np state is also shifted, however, the mag-
nitude of the shift is much smaller. Specifically, |∆| is not
much larger than the detuning of the transition involving
the ns state, e.g. a transition of ns ↔ n′p. Fortunately,
due to the selection rule, the detunings of the transitions
involving the np state are determined by the splittings
in the n′ level: there are only transitions of np ↔ n′s
and np ↔ n′d. The detunings for these transitions are
determined by the energy differences of the n′s, n′d, and
n′p states. When n′ is significantly smaller than n, the
splittings in n′ levels are much larger than that in n lev-
els, i.e. the detunings for the transitions involving the np
state are much larger than that involving the ns state.
The center of mass motion of two atoms is decou-
pled from the internal state. For the relative mo-
tion, the frequencies of vibrations and rotations are
< 1 MHz. They are much smaller than the minimum
separation between the bound state and other eigen-
states. In the presence of the applied force, the disso-
ciation process is a competition between the dragging
and potential forces. The internal state evolves adia-
batically, where the system stays in an eigenstate adi-
abatically connected to the initial bound state. We
label the molecular bound state as ψ(R1,R2). Un-
der the Born-Oppenheimer approximation, we describe
the motion of two atoms with a classical Hamiltonian
of H¯2atoms(R1,R2) = (p
2
1 + p
2
2)/(2m) + H¯0(R1,R2),
where H¯0(R1,R2) = 〈ψ(R1,R2)|[H0(R1,R2) + U1 +
U2]|ψ(R1,R2)〉. The applied force on the i-th atom is
denoted by Ui = u(Ri)
∑
jz
|ns, jz〉i〈ns, jz|i with u(Ri)
the energy shift of ns state of the i-th atom. Here jz is
the projection of the total angular momentum onto the z
axis. In Hamiltonian mechanics, the time evolution of the
classical system is described by the Hamilton’s equations
of dpi/dt = −∇RiH¯0(R1,R2) and dRi/dt = pi/m.
The dragging force is applied by a linear energy shift
u = αz. We consider the case that the molecule is
aligned along the direction of the applied force because
in this case, the molecular bond breaks apart with the
minimum force strength. The dynamics for the molecule
aligned along other directions is similar but the molec-
ular bond allows for a larger force strength. With two
atoms initialized at x = y = 0, z = ±Rp/2, their posi-
tions as a function of time is given in Fig. 3(a). The solid
line corresponds to the case of a small energy shift with
α = 0.08 hGHz/µm ' 5 × 10−7 pN, where two atoms
move together by 9 µm in 10 µs. For a larger force with
α = 0.12 hGHz/µm (dashed line), two atoms begin to
drift away from each other, indicating that the molecu-
lar bond breaks apart. As shown in Fig. 3(b), an oscil-
latory behaviour of relative displacement of two atoms
occurs for small α, where two atoms are bound together.
When α exceeds 0.1 hGHz/µm, the relative displacement
becomes very large without oscillation, indicating a bro-
ken bond. We would like to note that, as shown in Fig.
3(b), the frequency of the relative motion in the pres-
ence of the applied force is < 1 MHz. We have calcu-
lated the overlap between ψ(R1,R2) after switching on
an applied force with α = 0.08 hGHz/µm and the ini-
tial bound state, where the overlap is higher than 98%.
Therefore, the internal state stays in an eigenstate adia-
batically connected to the initial bound eigenstate with
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FIG. 3. (Color online) (a) Atomic position versus
time. In the presence of a small dragging force with α =
0.08 hGHz/µm (solid line), two atoms move together by
9 µm in 10 µs. When a larger dragging force with α =
0.12 hGHz/µm is applied (dashed line), the molecular bond
breaks apart. (b) Relative atomic displacement versus time
and α. The oscillatory behaviour along the time axis for small
α indicates an unbroken bond between two atoms. The bond
breaks apart when α exceeds 0.1 hGHz/µm.
a high probability. Once the molecule is projected into
other states, two atoms separate up, which should be
detectable.
The interaction between probe atoms is the van der
Waals interaction V ' −~C6/R6, with C6 = 2pi ×
1 GHzµm6 for 40s level considered here [31], giving a
critical radius of R′c = (2C6Γp/Ω
2
c)
1/6 ' 2 µm. The ra-
dius R′c can be shortened by choosing an EIT level of n
′s
with 1 n′ < 40 for probe atoms, where the interaction
coefficient C6 decreases as its leading term is proportional
to n11 [31]. A large signal-to-noise ratio imposes a con-
straint of ρ2D . Ω2c/(piR′2c Ω2p), above which the contrast
of the image decreases [28]. In order to implement the
imaging scheme, we propose to use a 2D gas with a den-
sity of ρ2D = 1 µm
−2, R′c = 2 µm, and Ω
2
c/Ω
2
p = 100,
in which the distance between atoms is short enough for
creating molecules and the constraint for a large signal-
to-noise is satisfied. In Ref. [29], the exposure times for
imaging Rydberg atoms are 2− 20 µs, and it is expected
to ultimately follow the evolution of individual atoms in
real time. The amplification factor of one impurity in
Ref. [29], which is related to the optical depth, is ap-
proximately equal to the number of probe atoms in the
g′ state surrounding one molecule in our proposal.
In conclusion, we have theoretically proposed a scheme
to optically detect Rydberg molecules. With an applied
dragging force, Rydberg molecules are distinguished from
unbound atoms with distinct features in images of probe
absorptions in an EIT transition via direct detection [38]
or a fluorescence-detection scheme proposed in this work.
We have shown that a Rydberg molecular bond remains
unbroken in the presence of an applied force when its
strength is within a range. The proposed measurement
is performed on surrounding atoms, which allows for
non-destructive and all-optical investigations of Rydberg
molecules. The unbroken molecular bond for spatial de-
tection in principle allows for access to dynamics of indi-
vidual Rydberg molecules. The principle can be applied
to other kinds of Rydberg molecules. It has potential for
revealing Rydberg molecular bond properties, dynamics
in real time, spatial correlations of Rydberg molecules, as
well as quantum simulation based on Rydberg molecules.
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Appendix A: Hamiltonian and molecular potential
The Hamiltonian of the i-th Rydberg atom is given by
Hi = ~ω0
3/2∑
jz=−3/2
|np3/2, jz〉〈np3/2, jz|i
+~(ω0 + ∆)
1/2∑
jz=−1/2
|np1/2, jz〉〈np1/2, jz|i,(A1)
where ω0 is the resonance frequency of the ns ↔ np3/2
transition, and ~|∆| is the energy spacing between the
np1/2 and np3/2 states. The dipole-dipole interaction [32]
between atoms i and j located at positions Ri and Rj is
defined as
Vij =
1
4piε0R3
[dˆ(i) · dˆ(j) − 3(dˆ(i) · ~R)(dˆ(j) · ~R)]. (A2)
Here 0 is the dielectric constant. dˆ
(i) is the electric
dipole-moment operator of the i-th atom. R = Ri−Rj ,
R = |R|, and ~R = R/R is the corresponding unit vec-
tor. The matrix elements of the electric-dipole-moment
operator dˆ of an individual atom are evaluated via the
Wigner-Eckert theorem [33, 34]. We define the reduced
dipole matrix element as D = e〈np|r|ns〉/√3. For alkali-
metal atoms with n ≥ 40, we have 〈np|r|ns〉 ' n2a0,
where a0 is the Bohr radius [33]. The characteris-
tic strength of the dipole-dipole interaction is given by
~Ω = |D|2/(4pi0R3). The characteristic length scale r0
at which bound states occur is obtained by equating Ω
with |∆|. This gives r0 = [|D|2/(4pi0~|∆|)]1/3. For 85Rb
with n = 40, the splitting is ∆ ' 2pi × 1 GHz, which
yields r0 ' 1 µm [25].
5Appendix B: Susceptibility
The Hamiltonian describing the interaction between a
probe atom and EIT lasers is
HEIT = ~
1/2∑
jz=−1/2
[∆p|e, jz〉〈e, jz|
+(∆p + ∆c)|ns, jz〉〈ns, jz|
+
Ωp
2
(|e, jz〉〈g, jz|+ H.c.)
+
Ωc
2
(|ns, jz〉〈e, jz|+ H.c.)], (B1)
where g and e represent the ground and excited states.
The probe Ωp and control Ωc lasers drive the g ↔ e and
e ↔ ns transitions with detunings ∆p and ∆c, respec-
tively. Γp and Γc are the spontaneous decay rates of the
e and ns states.
In the limit of weak probe Ωp  Ωc and small exci-
tations to the e and ns states, the susceptibility corre-
sponding to the probe transition is [28, 35, 36]
χ =
iΓp
Γp − i∆p +
∑
k Ω
2
cF
2
k (Γc − i∆k)−1
, (B2)
where the sum over k accounts for the effect of multi-
ple energy levels |ψk〉 of three-Rydberg-atom states [35].
We label the k-th eigenenergy and eigenstate of three
Rydberg atoms as Ek and |ψk〉, respectively. F 2k =∑1/2
jz=−1/2 |〈ns, jz,m|ψk〉|2 with |ns, jz,m〉 denotes a
state in which the probe atom is in the |ns, jz〉 state
and the other two atoms are in the molecular state. E0
is the energy of the |ns, jz,m〉 state when the probe
atom is far away from the molecule. The detuning
∆k = ∆p + ∆c + Ek − E0.
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